Abstract It is not known whether there are ageand/or gender-related differences in magnitude of motor-evoked potentials (MEPs) of the submental muscles. Knowledge of this is important in investigations of neurophysiological aspects of swallowing. Forty healthy participants (20 males, 20 females; 20 young [21-35 years], 20 old [53-88 years]) were recruited. Surface electromyography (EMG) electrodes were placed at midline underlying the submental muscle group. Age-and genderrelated differences were evaluated in two neurophysiologic measures of swallowing: MEPs stimulated by single-pulse transcranial magnetic stimulation (TMS) over the motor cortex and surface electromyography (sEMG) recorded from the same submental muscle group during non-stimulated swallows. The older participants had larger MEPs during saliva swallowing than the young participants (p = 0.04, d=0.86). Conversely, the older participants had lower amplitude submental EMG activity during nonstimulated swallows (p=0.045, d=0.67). Gender had no significant effect on MEP magnitude and on submental activity during saliva swallowing. There were no effects of age or gender on MEP latencies. These findings suggest deterioration in muscle function with age in a sample of healthy adults presenting with functional swallowing. We speculate that muscular decline is partially ameliorated by increased cortical activity-i.e., increased submental MEPs-so as to preserve swallowing function in healthy older subjects. These findings emphasize the need for different reference points for evaluation of submental MEPs of different age groups.
Introduction
Normal swallowing enables liquids and solids to pass from the mouth to the stomach (Donner et al. 1985; Gleeson 1999) . To protect the airway, the swallowing event must be executed with a high level of coordination and precision (Dodds et al. 1990 ). Age-related changes in swallowing biomechanics (Butler et al. 2011; Logemann 1990; Robbins et al. 1992; Robbins et al. 1995) may predispose older subjects to dysphagia (swallowing impairment). Age-related changes at the neural level have also been reported, but there are conflicting results from functional magnetic resonance imaging (fMRI) studies. Malandraki et al. (2011) found that older subjects had decreased blood-oxygen-level dependence (BOLD) responses in both primary sensory areas and the posterior BA4 than younger subjects during a water swallowing task. In contrast, Humbert et al. (2009) found greater BOLD responses in several areas, including the primary motor cortex (i.e., BA4 or M1) during swallowing in older subjects compared to younger subjects. The discrepancy between the results of Humbert et al. (2009) and Malandraki et al. (2011) might be explained by difference in bolus size or by differences in statistical analysis. Teismann et al. (2010) compared the somatosensory cortical activation measured from the parietal cortex between younger and older subjects, using magnetoencephalography (MEG). They found that during water swallowing, younger subjects had only beta-frequency band (14-30 Hz) eventrelated activation, bilaterally, whereas older subjects had alpha-, beta-, and gamma-frequency band (8-100 Hz) event-related activation, bilaterally. Hence, older subjects had a broader neural activity, involving additional neural populations. The older subjects also had greater activation of the somatosensory area (Teismann et al. 2010) . Thus, both the somatosensory and the primary motor cortices have been shown to have higher activations in older subjects (Humbert et al. 2009; Teismann et al. 2010) .
Exploring M1 function in swallowing is of importance as M1 has been suggested to have a role in initiating the swallowing sequence and in modulating and priming the pharyngoesophageal components of swallowing (Ertekin and Aydogdu 2003; Fraser et al. 2002; Hamdy et al. 1999; Kern et al. 2001; Martin et al. 2001; Martin et al. 2004; Mosier and Bereznaya 2001; Mosier et al. 1999; Suzuki et al. 2003) . A simple and non-invasive method for assessing M1 excitability is transcranial magnetic stimulation (TMS). TMS works painlessly by magnetically inducing currents in the brain which, if sufficiently strong, can stimulate and activate cortical neurons. Changes in the excitability of the primary motor cortex can be quantified by measuring the level of activation. This capacity of TMS to measure neural excitability and changes in excitability derives from its ability to access and record synaptic responses and synaptic plastic changes (Monfils et al. 2005) . A larger motor response produced by TMS stimulation indicates greater activation of excitatory interneurons, reduced excitability of the inhibitory interneurons, or a greater number of recruited motor neurons (Wassermann et al. 2008) . Motor-evoked potentials (MEPs) are measured at the muscle level by either intramuscular or surface electromyography (sEMG) electrodes (Gooden et al. 1999 ) and represent the muscle activity induced by TMS stimulation of the primary motor area.
TMS is frequently used in research to measure brain physiology (Hallett 2000) . Specific to swallowing, TMS has been used to document changes in excitability in M1 as a result of natural recovery of swallowing following stroke (Hamdy et al. 1997 (Hamdy et al. , 1998 and to document changes in excitability in M1 following swallowingrelated training in healthy adults (Svensson et al. 2006) . Thus, single-pulse TMS has the capacity to capture changes in excitability as a result of neural recovery or intervention. It is also likely that TMS can also capture age-related changes in M1.
Increased activation with aging could indicate a more diffuse, less specific, neural response during swallowing. This might serve as a compensatory mechanism to offset what would otherwise be decreased swallowing function with age (Robbins et al. 1992) . This is supported by findings from the limb literature, with overactivation of additional brain areas correlating with decreased motor performance in older subjects (Langan et al. 2010) . Decreased activation in older subjects could account for a decline in swallowing biomechanics associated with age (Humbert and Robbins 2008; Robbins et al. 1995) .
Age-and gender-related differences in MEPs from the submental muscle group during swallowing have not been investigated, while age effects have been indicated in submental muscle activity during swallowing (Vaiman et al. 2004) . The question of age and gender effects on MEPs was explored as a by-product of analyzing data for another research hypothesis. The aim of the current study was to determine the presence and extent of age and gender effects on submental MEPs during swallowing, as any such effects would likely have methodological ramifications on the measurement of neurophysiological changes following swallowing rehabilitation.
Methods
This study was approved by a regional health ethics committee. Written informed consent was obtained from the subjects. The study conformed to the standards of the Declaration of Helsinki.
Participants
Forty healthy adults were recruited (younger group: mean±standard deviations (SD)=25±4, range=21-35, 11 females, 9 males; older group: mean±SD=69±9.5, range=53-88, 9 females, 11 males). Participants had no medical history of dysphagia or neurological disorders. Submental sEMG and submental MEPs were recorded on the same day, with task order counter-balanced across subjects. MEPs were elicited in 29 subjects during volitional saliva swallowing; inability to elicit submental MEPs in some healthy subjects has been previously reported (Abdul Wahab et al. 2010; Doeltgen et al. 2010) . One subject from the older group (88-year-old female) had an MEP magnitude larger than 3 SD that of her age group mean and, hence, was excluded as an outlier. Thus, MEP data were analyzed from 28 subjects (Table 1) , and submental sEMG data were recorded from all subjects (n=40). MEPs were not available from one young female, six young males, four older females, and two older males. Data were acquired at 10 kHz, using a high-pass filter at 10 Hz and a low-pass filter at 2 kHz.
As a point of comparison to stimulated swallows, an additional data set of submental sEMG signals were obtained post hoc during non-stimulated swallows using a single disposable circular patch containing three silver/ silver chloride electrodes (disposable pre-gelled electrode pad, Multi-BioSensors Inc., El Paso, TX, USA) arranged in a triangular configuration. Two electrodes were designated for recording and the third was used as ground. The sEMG signals were recorded and processed using the KayPENTAX Swallowing Signals Lab (KayPENTAX Inc., Lincoln Park, NJ, USA). Sampling frequency for sEMG signals was 500 Hz. The raw signal was bandpass filtered (50-250 Hz), rectified, and then smoothed by integration with a 50-ms time constant.
Procedure
Submental MEPs and submental sEMG were collected in a single session but separately. Participants were seated in a comfortable chair in the examination room. For submental MEP recording, two surface electrodes were placed externally, in the midsagittal plane, overlying the floor-of-mouth muscle group. Hence, electrical activity was collectively registered primarily from right and left anterior belly of digastric, right and left mylohyoid, and right and left geniohyoid muscles (Athukorala et al. 2014) . The electrodes were placed between the posterior, midline aspect of the mandible, and the superior palpable edge of the thyroid cartilage, with an inter-electrode distance of 10 mm. During positioning of the electrodes, the participant was asked to maintain a neutral head position and avoid neck extension. The ground electrode was placed over the bony prominence of the zygomatic bone. Single-pulse TMS data were collected over the M1 submental-related hotspot during volitional saliva swallowing. To time lock the MEP to muscle activation, TMS was triggered at a threshold that represented 75 % of each participant's mean submental sEMG peak amplitude during ten non-effortful saliva swallows recorded using the same system and settings. To localize the M1 area that sends corticobulbar projections to the submental muscles, TMS was activated at 50-60 % of the maximal output while the subjects were asked to contract the submental muscles. The researcher discharged the TMS over the scalp across an area that extended 4 cm anteriorly and 8-10 cm lateral to the vertex, since this area overlays M1. The hotspot was defined as the scalp site from which the largest and most consistent MEP was stimulated. This procedure was repeated for both hemispheres.
Once the hotspot for each hemisphere was identified, increasing stimulation levels were applied over this location to determine the maximal peak to peak MEP magnitude during volitional submental muscle contraction. Stimulation started from 30 % of the maximal output and was increased in 5 % increments to a level at which no additional increase was seen in MEP amplitude. Three stimulation trials were administered at each level. After reaching a plateau in the MEP response, the maximal MEP amplitude was identified from the recorded traces by measuring the peak-to-peak amplitude. An MEP response with an amplitude approximately half of the maximal MEP was identified among the collected traces, and the level of stimulation needed to elicit this half-sized MEP was noted and confirmed by further stimulation.
For both tasks, a light signal was used to prompt the subject to activate the submental muscles every 30 s. For the volitional saliva swallowing task, the subjects were asked to "Swallow your saliva; try to swallow with no effort, as you usually swallow." The task consisted of 15 repetitions.
A custom-designed software package (UC Evoked Potentials Analysis software) was used to measure the onset and magnitude of the MEPs. Latency and magnitude were quantified based on the rectified ensembleaverage waveform from the 15 sweeps. The MEP onset latency was determined as the time point (in ms) at which the waveform departed the baseline followed by a rapid constant raise toward a peak. In order to avoid EMG activity which was non-MEP-related, the onset had to be equal to or greater than 2 SD above the prestimulus background EMG level. The pre-TMS stimulation EMG was integrated over the time period 55 ms to 5 ms (50-ms duration) prior to the magnetic stimulation. This was used to determine the averaged background EMG level, and the 2 SD were automatically calculated by the software based on this information. If the onset latency chosen was less than 2 SD above the background EMG level, the time cursor was moved to the closest time point at which this criterion was met. MEP magnitude was determined as the area (in μV ms) between the onset latency cursor and the offset cursor, automatically placed 15 ms after the onset cursor, as suggested in a study that measured MEPs from anterior digastric muscle (Sowman et al. 2009 ).
For submental sEMG recording, the skin under the chin was cleaned with alcohol swabs prior to electrode placement. Surface EMG electrode placement, underlying the floor-of-mouth muscle group, was similar to that used for MEP recordings. The participants were instructed to "Swallow your saliva with no effort; try to perform a regular swallow." The participants repeated the swallow five times with 30 s rest between trials. Analysis was based on the averaged peak amplitude of the five trials.
It is important to recognize that although sEMG and MEPs were recorded separately, there was no difference between the volitional saliva swallows used to record sEMG and those used to trigger and record TMSstimulated MEPs.
Statistical analysis
Statistical analyses were conducted using the SPSS statistics package (IBM SPSS Statistics version 19.0).
To evaluate differences in MEPs and sEMG amplitude between younger and older subjects, a Student's t test for unpaired samples was used to examine age effects. Significance was set at α≤0.05 (two-sided). Confidence intervals (95 % CI) are reported for means and mean differences.
Results

Effects of age on MEP magnitude
During volitional saliva swallowing, the older group (n=14) demonstrated larger MEP magnitudes (M= 3,357 μV ms, SD=1,239) than the younger group (n= 14, M=2,510 μV ms, SD=725) (t 21 =2.2, p=0.04, CI= −48-1,644, d=0.86). Example MEPs from one of the older participants and one of the younger participants are shown in Fig. 1 .
Since a difference was found between the two age groups, a regression analysis was used to examine agerelated effects on MEP magnitude. A simple linear regression line was fit to the data as a secondary investigation, acknowledging that data were missing for the age group between 36 and 52 years of age. During volitional saliva swallowing, age significantly predicted MEP magnitude, with an increase in MEP magnitude of 23.6 μV ms for each year of age (F 1, 26 =8.47, p=0.007, R 2 (Adj.)=0.22, B=23.6, CI=6.9-40.4, standardized β= 0.50) (Fig. 2) .
Effects of age on MEP latency
During volitional saliva swallowing, there was no significant difference in onset latency between the older group (n=14, M=8.76 ms, SD=1.97) and the younger group (n=14, M=8.25 ms, SD=1.59) t 26 =0.73, p= 0.46, CI=−0.89-1.89, d=0.30.
Effects of gender on MEP magnitude
For volitional saliva swallowing, there was no significant difference in MEP magnitude between males (n= 13, M=3,056 μV ms, SD=1,195) and females (n=15, M=2,827 μV ms, SD=1,010) t 26 =0.55, p=0.59, CI= −627-1,085, d=0.11.
Effects of gender on MEP latency
During volitional saliva swallowing, there was no significant difference in onset latency between males (n= 13, M=8.06 ms, SD=1.24) and females (n=15, M= 8.89 ms, SD=2.11; t 26 =1.24, p=0.22, CI=−0.53-2.20, d=0.49).
TMS output (intensity) and hemispheric asymmetry by age group Additional analyses were undertaken to determine if the TMS output (intensity) used to record the MEPs was different between the age groups and to determine if the hemisphere of the hotspot (right or left) was different between the age groups. Student's unpaired t test revealed no significant difference in TMS output between the older subjects (n=14, M=52.1 %, SD=1.6, CI= 48.8-55.5) and younger subjects (n=16, M=54.1 %, SD=1.5, CI=50.9-57.2) (t 28 =0.88, p=0.38, CI=−2.6-6.5). Fisher's exact test revealed no significant differences (p=1.00) in the side of the hotspot between older subjects (n=14, 7 left, 7 right) and younger subjects (n= 16, 9 left, 7 right).
Effects of age on sEMG peak amplitude
During volitional saliva swallowing, the older group (n=20) demonstrated smaller sEMG peak amplitude (M=37.3 μV, SD=16.9) than the younger group (n= 20, M=59.5 μV, SD=44.7) (t 38 =2.1, p=0.045, CI=0.5-43.8, d=0.67).
Effects of gender on sEMG peak amplitude
For volitional saliva swallowing, there was no significant difference in sEMG peak amplitude between males (n=20, M=41.2 μV, SD=20.7, CI=31.5-50.9) and females (n=20, M=55.6 μV, SD=44.8, CI=34.6-76.5) (t 38 =1.29, p=0.20, CI=−8.0-36.6, d=0.42).
Discussion
This is the first study to investigate the effects of age and gender on the magnitude and latency of MEPs recorded from the submental muscles during volitional swallowing of saliva. The study revealed that older subjects produced larger submental MEPs than younger subjects but with no difference in latencies. However, for non-stimulated submental activity recorded from the same participant pool, older subjects had smaller amplitude than younger subjects. The study also found no differences in MEP magnitudes, MEP latencies, and sEMG peak amplitude between males and females. Previous research has found no clear relationship between handedness and side of M1 dominancy related to swallowing (Hamdy et al. 1996) and, thus, the imbalance in the distribution of handedness among subjects should have had no impact on results.
Age effects on MEP magnitude and latency and on sEMG amplitude
The current results regarding age-related MEP differences are supported by an fMRI study that found increased hemodynamic M1 activation with increased age during different swallowing tasks, including saliva swallowing (Humbert et al. 2009 ). In addition, the results are supported by an MEG study that found increased somatosensory cortical activation in older subjects during water swallowing (Teismann et al. 2010) , although their study measured post-central gyrus (S1) activity, rather than M1 activity as measured in the current study. The results from the current study are also consistent with a study that found larger MEPs in hand muscles of older subjects when compared to younger subjects (Bernard and Seidler 2012) .
The difference in trends of age effects on stimulated and non-stimulated submental activity is interesting and unexpected. We found that, in comparison to younger subjects, older subjects have lower sEMG amplitude in the non-stimulated condition but have greater magnitude in the stimulated one. Increased MEP magnitude in older subjects might reflect the recruitment of additional cortical areas during task performance, representing a possible compensatory mechanism, without which the non-stimulated submental activity would have been even lower in older subjects. Another possible explanation for the age-related differences in MEP magnitude is cortical disinhibition. This mechanism has not been explored during neural activation of swallowingrelated muscles in older subjects, but it has been explored during neural activation limb muscles. Increased MEP magnitude measured from limb muscles has been postulated to be due to decreased excitability of intracortical inhibitory neurons and subsequent enhanced neural activation (McGregor et al. 2011; Peinemann et al. 2001 ).
Another explanation is that increased MEP magnitude in older subjects might reflect the cortical response to single-pulse TMS, where older subjects had greater gains than younger subjects. The increased MEP magnitude might represent recruitment of additional cortical areas during swallowing in response to the TMS pulse. Indeed, Hamdy et al. (2001) found that cortical stimulation by TMS evoked mylohyoid and oesophageal muscle activation in an anesthetized cat. Thus, singlepulse TMS has already been shown to cause changes in muscle activation. This raises the possibility of using TMS as a therapeutic tool to increase cortical excitability. However, this would need to be confirmed by way of a future study in which functional swallowing data is collected concurrently with the application of singlepulse TMS in humans. Such a study would also ensure that the increased activation and recruitment of additional cortical areas do not actually lead to a disruption of one or more aspects of the precise execution of the sequence and co-occurrence of motor events involved in swallowing.
The current study found age-related differences in sEMG activity. Kleim and Jones (2008) found no age effects in submental muscle activity during various swallowing tasks consisting on different textures and tastes of liquids and solids. However, Vaiman et al. (2004) found a non-significant trend toward a decrease in submental activity during swallowing with age, which supports the current results. Age-related changes in muscle properties, known as sarcopenia (Evans 1995) , can affect MEP and sEMG magnitude, since they are recorded from peripheral muscles. It is not clear whether age-related changes exist in submental musculature. However, other swallowing-related muscles were reported to be affected by sarcopenia. For example, reduction of the muscle thickness of the tongue has been reported (Tamura et al. 2012) , together with a reduction in the tongue's muscle reserve (Nicosia et al. 2000; Robbins et al. 2005 ). In addition, changes to slowercontracting motor units in the laryngeal muscles have been reported in aging rats (Suzuki et al. 2002) . In humans, age-related changes in pharyngeal muscle composition have been documented, along with decline in endurance (van Lunteren et al. 1995) . The submental muscle group might be influenced by age-related changes documented in limb muscles, including the loss of larger motoneurons leading to atrophy (Faulkner et al. 2007; Johnson and Duberley 1998; Mittal and Logmani 1987) , re-innervation of muscle fibers by neighboring motoneurons, and creation of motor units that consist of a large number of slow twitching muscle fibers (Fling et al. 2009 ). Thus, our finding of lower sEMG amplitude in older subjects agrees with other age-related changes in the oropharynx.
Although no significant difference in TMS output to elicit a MEP was found between the two age groups, this does not necessarily indicate that the level of excitability was the same for both age groups. Threshold testing for submental MEPs was not conducted in the present study. If the older subjects had been found to have a lower threshold than the younger subjects, this would have supported the view of increased excitation in the older group (Matsunaga et al. 1998; Rossini et al. 1992) . MEP thresholds during rest and activity (10 % of maximal contraction) have been reported for anterior belly of digastric using both intramuscular and sEMG recording electrodes (Gooden et al. 1999; Jaberzadeh et al. 2007; Sowman et al. 2009 ). However, MEP thresholds for the submental muscle group, composed of anterior belly of digastric, mylohyoid, and geniohyoid, have not been previously reported. The ability to record MEP threshold from this group of muscles with sEMG should be assessed in future studies.
MEP normalization was not conducted in the current study; thus, control for muscle-related effects on the elicited response cannot be ruled out. Normalization of MEPs is conducted by calculating a ratio between the raw EMG data collected from a muscle during a task and a reference value recorded from the same muscle. The reference EMG value can be the EMG value recorded during a maximal voluntary isometric muscle contraction (Burden 2010) . Alternatively, the reference value can be the maximal response recorded by electrically stimulation the muscle itself, called the M-max, and has been used for limb muscles (Keenan et al. 2006; Kidgell and Pearce 2010) . Normalization of MEPs by peripheral nerve stimulation and acquisition of M-waves has not been conducted in swallowing research, and it is not clear if it is feasible to do so with the muscles of swallowing.
Finally, age did not influence MEP latency. This finding is consistent with a study that found no effects of age on the latency of MEP from ipsilateral hand, although there was a trend toward longer latencies in older subjects when the contralateral hand was measured (Bernard and Seidler 2012) .
Gender effects on MEP magnitude and latency and on sEMG amplitude Gender did not influence the magnitude and latency of the MEP nor the sEMG amplitude. This supports an earlier study that found no gender effects on limb MEP magnitude (Pitcher et al. 2003) . Another study measured MEPs from the upper limb and found no gender effects on MEP magnitude and latency in younger subjects, after correcting the latencies for the subject's arm length (Livingston et al. 2010) . Previous research also found no gender effects on non-stimulated submental sEMG amplitude during swallowing (Vaiman et al. 2004) .
Using MEPs as an outcome measure in swallowing-related interventions Since MEPs are a commonly used outcome measure in swallowing-related intervention studies in healthy subjects (Abdul Wahab et al. 2010; Doeltgen et al. 2010; Fraser et al. 2003) , it is important to consider the characteristics of a desirable result following intervention. Rehabilitation-related studies consider increased MEP magnitude to be a positive outcome following therapy (Hamdy et al. 1997) and an absent or decreased MEP magnitude a negative predictor for motor improvement (Koski et al. 2004; Piron et al. 2005) .
Dysphagia recovery has been related to expansion of the pharyngeal cortical area in the intact hemisphere as measured by increased MEP amplitude from additional areas in M1 (Hamdy et al. 1997) . Limb movement recovery has been found to be positively correlated with MEP magnitude, but this correlation was dependent on the severity of the impairment, with larger MEPs immediately post-injury serving as a positive predictor for recovery (Koski et al. 2004; Piron et al. 2005) . Hence, increasing MEP magnitude and expanding M1 areas from which MEPs can be recorded are a positive outcome following rehabilitation in persons with motor impairments. However, it is not known if MEP changes in healthy subjects should be interpreted in the same way. Indeed, it was found in healthy subjects that changes to MEP magnitude did not directly translate to changes in swallowing function, following short intervention (Power et al. 2004 ). This raises the question: Could larger swallowing-related MEPs be a positive outcome in one population (e.g., younger subjects) but not in another (e.g., older subjects)? Improved understanding of the underlying mechanism leading to increased swallowing-related MEP magnitudes in older subjects will be valuable for improved interpretation of intervention results.
Submental MEP elicitation
In the current study, MEPs could not be elicited in 25-27 % of the subjects recruited. This inability to elicit submental MEPs has been previously reported. In one study, 50 % (8 of 16) had swallowing MEPs (Abdul Wahab et al. 2010) . In another study from the same group, only 16 of 35 participants had recordable swallowing-related MEPs (Doeltgen et al. 2011) . It has been postulated that the inability to record swallowingrelated MEPs from all subjects is the result of nonoptimal orientation of possible TMS coil angles to the underlying neuronal field, producing a low to immeasurable MEP output (Teismann et al. 2010) . To clarify, the distance between the coil and the motor cortex changes the ability to elicit strong enough stimulation; this distance is dependent on skull thickness and can be increased due to cerebral atrophy (Wassermann et al. 2008) , which is known to occur with increased age (Gur et al. 1991 ).
Conclusions
The current finding regarding age effects on MEP magnitude is consistent with fMRI findings reported by Humbert et al. (2009) . The nature of increased MEP magnitude in older subjects should be further investigated. Possibly, the decline in submental activity demonstrated by decreased sEMG peak amplitude is partially ameliorated by increased cortical activity demonstrated by increased submental MEPs. This mechanism likely serves to preserve swallowing function in healthy older subjects. In addition, the finding regarding decreased submental activity in older subjects is reported for the first time and is likely to represent the effects of sarcopenia. Lastly, age-related differences in submental MEP magnitude need to be taken into account when designing future studies, by selecting participants who represent the targeted population age group.
